ABSTRACT Calcium efltux was studied in monolayers of HeLa cells. The fast phase of exchange was studied in an open system by continuous washout. Its half-time was 1.58 min which is practically identical to the fast phase of calcium influx previously found to be 1.54 min. This suggests that the fast component of effiux represents calcium exchange from an extracellular compartment probably from calcium bound to the cell membrane surface. Dinitrophenol (DNP) and iodoacetate (IAA) do not inhibit calcium effiux from this compartment. The slow phase of calcium exchange was studied in a closed three compartment system. The half-time of calcium efflux measured under these conditions is almost identical to that obtained previously in studies of calcium influx: 33.0 and 37.0 rain, respectively. This slow compartment is likely to be the intraceUular exchangeable calcium pool. DNP and IAA inhibit calcium effiux from this compartment, lengthening the half-time from 33 min to 55.0 and 216 min, respectively. This suggests that calcium extrusion from the cell is an active process. Since calcium influx is not affected by metabolic inhibitors, the cellular calcium concentration increases as would be predicted under these conditions. Calcium effiux is also markedly depressed by lowering the temperature.
We have shown in a previous paper (1) that a cell monolayer consisted of two unexchangeable pools of calcium and of two exchangeable compartments with markedly different time constants. We argued that the fast component with a half-time of 1.54 rain was in all probability extracellular and that the slow component with a half-time of 31 rain was likely to be the intracellular pool of calcium. This cellular compartment was found to contain 0.226 mmole C a / K g cell water and the rate of calcium exchange between it and the extracellular fluids (ECF) was 0.0546 ##mole cm -~ sec -1. Because dinitrophenol (DNP) did not affect the influx of calcium, we also proposed that influx was a passive process or at least not dependent upon expenditure of metabolic energy (1, 2) . 57
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If o u r conclusions are correct, we should be able to test the following assumptions: (a) the m e a s u r e m e n t of calcium effiux b y r a d i o t r a c e r techniques should bring to light c o m p a r t m e n t s with time constants of e x c h a n g e similar to those of calcium influx (b) calcium effiux should be an active process a n d therefore inhibited b y metabolic inhibitors, a n d (c) the 0..i0 of calcium effiux should be consistent with t h a t of metabolically d e p e n d e n t processes.
T h e experiments r e p o r t e d here confirm the existence of these c o m p a r tments a n d bring new evidence that calcium effiux f r o m the cell is an active process.
M E T H O D S
Since calcium exchange between the ECF and the fast compartment of our cell monolayer has a half-time of 1.54 rain, we had to select a method capable of detecting a rapid rate of efflux. Washout experiments in an open system with frequent sampling were performed to detect this fast phase. To measure the slower rate of exchange of the second compartment, however, we had to select a closed system because the cell monolayer could not withstand 4 hr of continuous washout: the cells detached slowly from the glass after 1 hr of efflux, to be washed away in the effiux medium.
Washout Experiments HeLa ceils were grown for 4 days in plastic T-flasks in
Eagle minimum essential medium and with 100 pc *sCa per flask. At the beginning of the experiment, at time 0, the radioactive medium was decanted and the flask placed on a rocker platform. For each flask, a control was handled identically to this point. The ceils of the control flask were harvested at the end of the 4~Ca uptake period to determine the ceils' specific activity at 0 time. The experimental flask was placed in a setup designed for the subsequent washout and shown in Fig. 1 . The buffer used was a Krebs-Henseleit bicarbonate buffer containing I0 rnM glucose and 1.3 n~ calcium and gassed with 5 % COs in air. The buffer was pumped into the culture flask with a peristaltic pump through a hole on the top of the flask through which two 20 gauge needles were inserted. The flow of buffer was set at 2 ml/min. The flask was gently rocked at 4 cyeles/min, allowing the buffer to bathe the cells by flowing back and forth. In the neck of the flask, a bent blunt needle was inserted through the stopper
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and connected by a catheter to a counting vial, itself connected to a vacuum pump. Every 30 sec, the stopper on the counting vial was closed and 1 ml of effluent buffer was aspirated into the vial. Bray's mixture was added to each sample which was counted on a scintillation spectrometer. Samples were collected every 30 see; i.e., after two cycles of rocking. After 20 rain, representative 30 see samples were counted every 2 min.
Closed System of Calcium Ejffux HeLa ceils were grown for 4 days with 100/~c 4~Ca in glass T-60 flasks provided with a hole of 1 cm diameter on their tops. At the beginning of the experiment, the radioactive medium was decanted and the monolayer was washed twice with cold buffer. 20 ml of nonradioactive buffer was added to the flask which was placed in a Dubnoff incubator at 37°C, and gently shaken at 20 cycles/rain. From 1 min to 4 hr, 100 #1 aliquots of the medium were withdrawn through the hole of the flask and counted in Bray's mixture. At the end of the experiment, the monolayer was washed with cold buffer, the cells scraped off the glass, homogenized with a high intensity ultrasonic probe in 4 ml of deionized water, and aliquots were saved for 4°Ca, 46Ca, and protein determinations (3, 4) . A control flask was harvested at 0 time to determine the specific activity of the cells before the efflux measurements.
C A L C U L A T I O N S
We have shown in the previous paper (1) that our cell system consists of three exchanging compartments which we have called the coat [1] , the cell [3] , and the medium [2] . We have also assumed that the distinction between the series and parallel systems was somewhat academic in our case because of the 20-fold difference between the rate constants of the two phases (1).
Our model can be represented as follows:
Cell surface Ca Medium Ca Intracellular Ca
The symbols and abbreviations used in our calculations of calcium efflux in the closed system are taken from Robertson et al. (5) and have been defined in our preceding paper (1) .
T h e description of our model rests on the following assumptions: 1. We are in the presence of a three compartment closed system. 2. The system is in a steady state. min (1)). Therefore, after 2.5 rain the system behaves for all practical purposes as a two compartment closed system.
The appearance of radioactivity in the medium can be described as follows
Since the system is in a steady state Therefore ¢12 = ¢31 and ¢33 = ¢33 (3) dR2 -¢~X1 + ¢32X3 --X2(¢~ + ¢3~)
dt From assumption I, we can write
where xR2 is the radioactivity in compartment [2] coming from compartment [ 1] , and ,R2 is the radioactivity in compartment [2] coming from compartment
[S].
Therefore and 
Combining equations 17 and 20 we obtain R E S U L T S Fig. 2 shows the results of one representative study. The effluent activity was plotted semilogarithmically against time and the graphical analysis of the effluent curve shows that it can be resolved into two exponentially defined phases. In nine separate experiments the average rate constant of the fast phase was 0.460 -4-0.032 rain -I and that of the slower phase 0.071 -4-0.008 rain -1 (Table I ). The half-time for each phase was 1.58 and 11.0 min, respectively. The compartment size of the fast phase was impossible to determine since the efflux was started immediately without washing the monolayer after the radioactive medium was decanted at 0 time. Under these conditions it is evident that the first collections of effluent will be heavily contaminated with radioactive medium. However, the hag-time of the fast phase is in excellent agreement with that obtained in our influx studies, 1.58 and 1.54 rain, respectively (1). As we stated in our previous paper, the magnitude of the rate constant of calcium efflux strongly supports our assumption that this fast phase represents an extracellular compartment, probably binding to the cell membrane (1).
Washout Experiments
The second phase of efflux of these washout studies has probably no physiological importance because the cells started to detach from the monolayer A. B. Bova~E Calcium Movements in HeLa Cell Cultures. II 6 3 after a period of 50-60 rain of efflux. Therefore, this phase probably represents the rate of appearance of detached cells in the effluent medium.
There is no reason to believe that the exchange of calcium between the medium and the extracellular compartment would be affected by metabolic inhibitors since it might represent nothing more than calcium binding to the plasma membrane. However, we performed a few experiments with metabolic inhibitors. If the fast phase was in any way dependent upon metabolic processes, one would expect a longer half-time of exchange in the presence of dinitrophenol (DNP) or iodoacetic acid (IAA). DNP 10-%t or IAA 10-8~ was added 30 rain before 0 time and the results are shown in Table II . In HeLa cell monolayers were exposed for 4 days to 100 #c 45Ca. Effluent samples were collected every 30 sec as shown in Fig. 2. all experiments, the half-time obtained is smaller than in controls. This indicates that the fast component of exchange is not energy-dependent. The small difference observed in both phases with DNP and IAA probably reflects the fact that the cells detached more readily and earlier in the presence of the inhibitors. This is the reason why no more experiments were performed under these conditions. Nevertheless, since the earliest cell detachment occurred in the vicinity of 20 rain of effiux, the observation concerning the fast phase which has a time constant of 2.1 min remains valid. We conclude, therefore, that the fast phase of effiux is consistent with calcium exchange between the cell surface and the medium, that the exchange rate is in agreement with our previous measurements using influx techniques, and that this process is not metabolically dependent.
Slow Phase of Calcium Efflux
The slow phase of calcium efflux was studied in a three compartment closed system. The results of five separate experiments are illustrated by the upper curve of Fig. 3 which represents the appearance of 45Ca in the medium. The rate constants of the fluxes were 
Effects of DNP on the Slow Phase of Calcium Ej~tux
To test whether metabolic inhibitors would affect calcium efftux from ceils prelabeled with 45Ca, D N P 10-4• and IAA 10-3M were added 30 rain before 0 time and were present throughout the experiment. Otherwise the study was conducted as described in the Method section. Fig. 3 shows the results of four experiments with D N P which were conducted side by side with five controls. It is evident that calcium efflux is depressed. The specific activity of the medium at equilibrium is about half that of the controls. Unfortunately, it is not possible in the presence of D N P to calculate the different parameters of calcium effiux as we have donefor the controls, because our series of equations imply first a steady state and time of efflux was prolonged by DNP from 33.0 to 55.5 min, demonstrating a 400-/o inhibition. Statistically, however, the results of these combined calculations are at the borderline of significance, the p value being >0.1. We could assume that if calcium influx is not affected by DNP but if calcium efflux is inhibited, the calcium concentration of the cells would increase. We calculated that, if influx goes on at control rates and efflux is 10007o inhibited during the 4 hr of incubation, a m a x i m u m increase of 12.75 m~moles/mg protein should occur. As shown in Table V , we observed a cellular calcium accumulation of 6.75 m#moles/mg protein in 4 hr. This would suggest that calcium efflux is inhibited 47°~.
EFFECTS OF IO--4M DNP ON THE E Q U I L I B R I U M A C T I V I T Y OF T H E M E D I U M , ON THE SLOPE OF T H E SLOW PHASE 0t), AND ON T H E RATE CONSTANT OF C A L C I U M E F F L U X (ks2)
Effects of IAA on the Slow Phase of Calcium Efltux F o u r experiments were p e r f o r m e d with IAA. In each study, calcium release was at control levels or higher, up to 2.5 min of efflux and then tapered off sharply into a practically flat curve. Since the first 2 rain of effiux mostly represent the e x c h a n g e of calcium f r o m the cell surface to the m e d i u m , the first few collections were Values are mean -I-SE. (Table VII) . Under these conditions, the system is probably not in a steady state and we do not know to what extent the drop in temperature affects the influx rate. It is impossible, therefore, to calculate the rate constant of efflux and its Qxo. All we can retrieve from these data are the slopes k and the half-time of ex- change between the compartments (Table VII) . These are all significantly affected by decreasing the temperature.
Effects of Temperature on Calcium Efltux
T A B L E VI EFFECTS OF IAA 10-su ON T H E SLOPE OF T H E SLOW PHASE (X) AND T H E R
A T E CONSTANT OF C A L C I U M E F F L U X No. of
T A B L E VII E F F E C T OF T E M P E R A T U R E ON T H E SLOPE OF THE SLOW PHASE OF C A L C I U M E F F L U X
D I S C U S S I O N
We have previously demonstrated the existence of several calcium compartments in HeLa cells by chemical determinations and by kinetic analyses of calcium influx (1, 2) . In the present studies we have not only confirmed the presence of two exchangeable calcium pools but we have also shown that the rate constants of the fast and slow compartments matched exactly those obtained in a previous paper (1). We had shown that the magnitude of the calcium pool and the rate of calcium influx supported our assumption that the slow component represents exchange of calcium between an intracellular compartment and the extracellular fluids (1) . Since the rate constantofcalcium effiux, k~2, exactly matches the rate k32 which we obtained in our influx studies we can conclude that the slow phase in the present system represents calcium effiux from the same intracellular compartment. We have demonstrated also that metabolic inhibitors such as DNP and IAA depress the effiux of calcium from the cells, suggesting that it is an active transport process. This observation confirms our prediction that since there is a chemical and electrical potential difference across the cell membrane favoring calcium influx, calcium effiux should be an active process. We have presented much evidence that calcium entry into the cell was passive and unaffected by metabolic inhibitors or anaerobic conditions (1, 2). We could predict, therefore, that the intracellular calcium would increase if calcium cffiux was inhibited. Indeed we have found that the calcium concentration of the cells was increased in the presence of DNP or IAA. Finally, we have shown that calcium effiux was temperature-dependent. The fact that the Q10 of calcium exchange never exceeded 2. l0 does not exclude the possibility that the Q10 of the unidirectional calcium effiux which we were unable to calculate because of the absence of steady-state conditions might be in the range of metabolically dependent processes. In summary, calcium effiux from HeLa cells follows two exponential functions representing (a) calcium exchange between the medium and an extracellular calcium pool, (b) calcium transport between an intracellular compartment and the ECF. Calcium efflux from the intracellular compartment is an active process, which can be inhibited by DNP, by IAA, and by lowering the temperature. The rate constants of these transfers are identical with those obtained in previous studies on calcium influx.
